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Oil-in-water emulsions have wide range of applications in food industry because of their
structure-forming properties, and as delivery systems of polyunsaturated fatty acids into
foods. The thermodynamic instability of oil and water, and high susceptibility of
unsaturated fatty acids to oxidation lead to physical and oxidative stability in oil-in-water
emulsions. These instability processes are generally controlled by incorporating proteins
and polysaccharides into oil-in-water emulsions. The objective of this study was to
evaluate xanthan/enzymatically modified guar (XG/EMG) polysaccharides on the
physical and oxidative stability of 2 wt% whey protein stabilized oil-in-water emulsions
containing 20% v/v menhaden fish oil. Enzymatic modified guar gum was obtained by
hydrolyzing native guar gum using α-galactosidase enzyme. Emulsions were prepared for
guar gum (GG), xanthan gum (XG), xanthan/guar (XG/GG), and xanthan/enzymemodified guar (XG/EMG) gum mixtures using 0, 0.05, 0.1, 0.15, 0.2, and 0.3% gum
concentrations. Emulsions were then evaluated for creaming, viscosity, particle size, and
microstructure to evaluate the physical stability, and peroxide value, TBARS value and
GC-MS solid phase micro extraction (SPME) experiments were performed to evaluate
the oxidative stability. Emulsions containing XG/EMG gum mixtures exhibited better
creaming stability and higher viscosity of all the emulsion types. However, XG/EMG
gum concentrations did not affect the droplet size of the emulsions. The microstructures
revealed decreased flocculation in emulsions with XG/EMG mixtures. The primary and
x

secondary lipid oxidation measurements indicated that emulsions containing XG/EMG
gum mixtures were more effective in preventing the lipid oxidation of all the emulsion
types. From the results, it is evident that XG/EMG gum mixtures can be used as
emulsifiers in oil-in-water emulsions to increase both physical and oxidative stability.

xi

CHAPTER I
INTRODUCTION

1.1 Background
In food industries, considerably a large number of natural and processed foods exist as
emulsions. An emulsion consists of two immiscible liquids (usually oil and water), with
one of the liquids dispersed as tiny spherical droplets in the other by homogenization.1
Food emulsions play an important role in structure-forming units within the foods, and
they are known to impart desirable taste, appearance and mouthfeel characteristics to the
food.2 They are also key ingredients in the formation of certain food products such as
toppings, ice creams, salad dressings.1 Therefore, the understanding of the structure and
properties of food emulsions is crucial to the creation of stable foods.
Oil-in-water emulsions are one type of emulsions that are widely used in the food
industry and are produced by homogenization of oil and aqueous phases together by
applying mechanical force.3 Despite of having wide variety of applications in the food
industry, oil-in-water emulsions are physically and oxidatively unstable. The term
“emulsion stability” can be defined as the ability of an emulsion to resist changes in its
properties with time: the more stable the emulsion, the more slowly its properties
change.1 In order to manufacture emulsions that are physically and oxidatively stable for
a reasonable period of time, chemical ingredients called emulsifiers are generally
incorporated in food emulsions prior to homogenization. An emulsifier is a surface-active
substance that is capable of adsorbing to an oil-in-water interface, thereby protecting
emulsion droplets from aggregation.1 The most commonly used food emulsifiers are
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biopolymers such as proteins and polysaccharides. Proteins and polysaccharides are
generally regarded as safe (US Food & Drug administration approved - GRAS) food
additives that can form physically stable emulsions while altering the properties of the
emulsion droplet interface in a way that increases oxidative stability.4
Whey protein ingredients isolated from bovine milk are used as emulsifiers in a wide
variety of emulsion based food products, including beverages, salad dressings, and
desserts. The proteins in these ingredients facilitate the formation of small oil droplets
during homogenization by lowering the interfacial tension, and they increase the stability
of the droplets formed to aggregation by increasing the repulsive colloidal interactions
between them.5 The stability of emulsions depends on noncovalent interactions,
hydrophobic and electrostatic interactions, and hydrogen bonding between adsorbed
proteins. In addition, both intra and intermolecular disulfide bonds play an important role
in whey protein stabilized emulsions.6
Thickening agents in emulsions are primarily polysaccharides used to increase viscosity
of the continuous phase and enhance the emulsion stability by retarding the droplets
movement.7 Xanthan gum (XG) is a heteropolysaccharide produced by fermentation from
the bacterium Xanthomonas Campestris.8 XG is widely used in foods owing to its good
solubility in both hot and cold solutions, high viscosity even at very low concentrations
and good thermal stability. The most important properties of XG are high low-shear
viscosity and strong shear-thinning behavior.9 Xanthan gum is of interest not only
because of its unique rheological properties, but also its formation of a mixed gel with
plant galactomannan.10 XG has a cellulose backbone with a trisaccharide side chain at C-
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3 atom. The terminal mannose residues are 4,6-pyruvated, which can chelate prooxidant
metal ions to inhibit lipid oxidation.7
Guar gum (GG) is a high molecular weight naturally occurring neutral polysaccharide. It
is obtained from a drought-resistant guar plant Cyamopsis Tetragonolobus. The chemical
structure and high molecular weight give guar gum its thickening properties.
1.2 Research Problem
Oil-in-water emulsions, despite of having wide variety of applications in the food
industry, are physically and oxidatively unstable. The physical instability of oil-in-water
emulsions is the result of two different physicochemical characteristics. Firstly, the
contact between oil and water droplets is energetically not favorable so there is tendency
for the system to reduce the contact area between water and oil. Secondly, liquid food
oils generally have a lower density than water.11 As a consequence, emulsions tend to
separate into two layers: a layer of oil (lower density) on top of a layer of water (higher
density).1 On the other hand, oil-in-water emulsions are also oxidatively unstable because
of the presence of large amounts of n-3 polyunsaturated fatty acids (PUFA) in food
lipids. The dietary n-3 PUFA have many health benefits including protection against
heart disease, and improved brain and eye functions.12 However, the use of beneficial fish
oils in foods is limited due to their susceptibility to oxidative degradation. To utilize these
nutritionally beneficial omega-3 fatty acids in foods, their oxidative stability must be
increased. While synthetic food additives such as butylatedhydroxytoulene (BHT) and
ethylenediaminetetraacetic acid (EDTA) can be effective in controlling lipid oxidation,
consumer demand for all natural foods has limited the use of these “label unfriendly”
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additives.13 Therefore, in order to produce foods that are physically and oxidatively stable
for longer time, better protein and polysaccharide emulsifiers must be invented.
1.3 Thesis Objectives and Hypothesis
The objective of this research was to evaluate the synergistic effect of the enzymatically
modified guar gum (EMG) in combination with xanthan gum (XG) on the physical and
oxidative stability of 2% whey protein-stabilized oil-in-water emulsions containing 20%
menhaden fish oil. Emulsions were prepared for GG, XG, XG/GG, and XG/EMG using
gum concentrations of 0%, 0.05%, 0.1%, 0.15%, 0.2%, and 0.3%. This research also aims
to determine the optimum concentrations of XG/EMG gum mixtures that allow
incorporation of the omega-3 PUFA into emulsions and enhance the oxidative stability of
omega-3 PUFAs. To evaluate physical stability of the emulsions, creaming index,
viscosity, particle size, and microstructure were measured. Peroxide value, TBARS
value, and headspace analysis of Hexanal were measured as an indicators of oxidative
stability.
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Chapter 2
LITERATURE REVIEW

2.1 Emulsions
An emulsion is a mixture of two immiscible liquids (usually oil and water), with one of
the liquids dispersed as small spherical droplets in the other by homogenization.1
Emulsions can be conveniently classified in to two types based on the relative spatial
distribution of the oil and aqueous phases.
1. Oil-in-Water emulsions (O/W)
2. Water-in-Oil emulsions (W/O)
An oil-in-water emulsion is the emulsion system that consists of oil droplets dispersed in
an aqueous phase, such as milk, dressings, mayonnaise, beverages and sauces. A system
that consists of water droplets dispersed in an oil phase is called a water-in-oil emulsion,
for example margarine and butter.1 In an emulsion, the substance that makes up the
droplets in an emulsion is called dispersed phase, and the substance that makes up the
surrounding liquid is called continuous phase. In addition to the conventional emulsion
types described above, it is also possible to prepare multiple emulsions, for example Oilin-Water-in-Oil (O/W/O) or Water-in-Oil-in-Water (W/O/W) emulsions.1
2.2 Mechanisms of Emulsion Instability
The term “emulsion stability” can be described as the ability of an emulsion to resist
changes in its properties with time. It is possible to prepare an emulsion using only an oil
and water by homogenization; however, the two phases will eventually separate into two
layers. This is because droplets tend to merge with their adjacent droplets when they

5

collide with them, which will lead to complete phase separation. The driving force for
this process is the fact that oil and water droplets are thermodynamically unfavorable.
There are a variety of mechanisms that can lead to phase separation in emulsions. The
most common physical mechanisms that are responsible for emulsion instability are
creaming, sedimentation, flocculation and coalescence.1

Figure 1. Schematic representation of various mechanisms affecting phase separation in
an emulsion.1
Creaming describes the upward movement of droplets due to the difference in the
densities of oil and water phase. In general, droplets with higher density settle at bottom
and droplets with lower density move upward. Sedimentation is an opposite phenomenon
to creaming, which describes the downward movement of droplets due to the fact that
6

they have lower density than the surrounding liquid. Creaming and sedimentation are
both forms of gravitational separation. Flocculation and coalescence are both types of
droplet aggregation. Flocculation results when two or more droplets come together to
form an aggregate, whereas coalescence is the mechanism by which two or more droplets
merge together and form a single larger droplet, which eventually leads to phase
separation.1 The difference between both the mechanisms is, in flocculation, the droplets
aggregate together but retain their individual integrity, whereas in coalescence, droplets
merge together and lose their integrity.1
2.3 Emulsifiers
The term emulsifier is used to describe any surface-active substance that is capable of
adsorbing to an oil-water interface and protecting emulsion droplets from aggregation.1
Ideally, an emulsifier should reduce the interfacial tension between oil and water
droplets, and prevent the droplet flocculation and coalescence from occurring. The most
commonly used emulsifiers are biopolymers such as proteins and polysaccharides. In
many food emulsions, they are present together to impart better physical stability to
emulsions.14 Proteins and polysaccharides are both naturally occurring polymers: proteins
are polymers of amino acids, whereas polysaccharides are polymers of monosaccharides.
The functional properties of food biopolymers, for example, surface activity, thickening
and gelation are determined by their molecular characteristics, such as molecular weight,
polarity and interactions with each other.1 Depending on the type and concentration of
protein or polysaccharide, and the nature and strength of their interactions, the presence
of a polysaccharide in protein-stabilized emulsion can have a significant effect on
stability and rheological properties of food emulsions.14
7

2.3.1

Proteins as Emulsifiers

Proteins form interfacial membranes on the droplets of an emulsion that are usually
relatively thin and electrically charged. Therefore, the major mechanism preventing
droplet flocculation in protein-stabilized emulsions is electrostatic repulsion1. The types
of proteins generally used as emulsifiers in food emulsions include milk proteins (caseins
and whey proteins), meat and fish proteins, egg proteins and plant proteins. Among these,
whey protein is the most commonly employed biopolymer in oil-in-water emulsions
because of its ability to decrease the interfacial tension between oil and water droplets
more than other protein types1.
2.3.1.1 Whey Protein
Whey protein ingredients are generally classified as “concentrates” (25-80% protein) or
“isolates” (˃ 90% protein) depending on their total protein concentration. Whey protein
isolate (WPI) is a surface-active globular protein and can be adsorbed to oil-droplet
surfaces in the form of a monolayer.7 Emulsification properties of WPI depend on many
properties such as its structure, net charge and the properties of the interfacial film
formed (thickness, elasticity and viscosity).
Whey protein is a surface-active protein that adsorbs on the droplet surfaces, lowering
surface tension and preventing the droplets from coming close enough together to
aggregate.7 Thus, whey protein can improve the physical stability of emulsion systems. In
general, whey contains a complex mixture of different proteins, with the most common
being β-lactoglobulin (~55%), α-lactalbumin (~24%), serum albumin (~5%), and
immunoglobulins (~15%).5 These proteins contain cysteyl residues, disulfide bonds and
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thiol functional groups which can scavenge free radicals to minimize lipid oxidation.
Hence, WPI-stabilized emulsions can act as an anti-oxidant system.7
2.3.2

Polysaccharides as Emulsifiers

Generally, food gums with high molecular weight and water soluble polysaccharides are
referred to as hydrocolloids.15 Hence, the terms polysaccharide and hydrocolloid have
been alternatively used for most gums. Hydrocolloids are a heterogeneous group of long
chain polymers distinguished by their property of forming viscous solutions or gels when
dispersed in water. The presence of a large number of hydroxyl groups (-OH)
significantly increases their binding affinity with water molecules, which makes them
hydrophilic compounds.16 Furthermore, they produce a dispersion, which is intermediate
between a solution and a suspension, hence, exhibits the properties of a colloid. Taking
into consideration these two properties, they are suitably named as ‘hydrocolloids’.16 As a
stabilizer in emulsion, an hydrocolloid maintains an apparently homogeneous structure
and texture throughout the system, preventing any separation of oil or aqueous serum.15

The creation of food emulsions that will remain stable kinetically for reasonable period
relies on the ability of food manufacturers to prevent or decelerate breakdown
mechanisms such as creaming, coalescence and flocculation. Polysaccharides are usually
added to oil-in-water emulsions to increase the viscosity of the aqueous phase, which
produces desirable textural attributes and also to slow down the upward movement of oil
droplets, known as creaming or oiling-off.11 At adequately high concentrations,
polysaccharides form a three dimensional network of interacting or entangled molecules
that traps the droplets and effectively inhibits their movement within the dispersed
9

system.11 The polysaccharides that are commonly used for this purpose are starch,
xanthan, carrageenans, tragacanth, and galactomannans such as guar gum and locust bean
gum.
2.3.2.1 Xanthan Gum
Xanthan gum is an heteropolysaccharide produced by fermentation from the bacterium
Xanthomonas Campestris.8 The primary structure of xanthan gum consists of a cellulosic
backbone of β-(1→4) linked D-glucose units substituted on alternate glucose residues
with a trisaccharide side chain. The trisaccharide chain is composed of two mannose units
separated by a glucuronic acid. Approximately half the terminal mannose units are linked
to a pyruvate group and the non-terminal residue usually carries an acetyl group. The
carboxyl groups on the side chains render the gum molecules anionic.9 Molecular
modeling suggests that xanthan gum has a helical structure, with the side branches
positioned almost parallel to the helix axis and stabilizing the structure.
Xanthan gum is widely used in foods owing to its good solubility in both hot and cold
solutions, high viscosity even at very low concentrations and good thermal stability.9 The
molecular weight of xanthan gum is approximately 2 million g/mol.8
Xanthan gum is a non-adsorbing polysaccharide and does not bind to WPI-stabilized
droplet surfaces.
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Figure 2. Primary structure of Xanthan gum17

2.3.2.2 Guar Gum
Guar gum is a high-molecular-weight naturally occurring neutral polysaccharide. It is
obtained from a drought-resistant guar plant Cyamopsis Tetragonolobus, belonging to the
family Leguminosae.18 The chemical structure of guar consists mostly of linear
polymannan with single galactose unit side chains, hence has the general structure of
galactomannans.19 It is composed basically of a straight chain of D-Mannose units, linked
together by β (1→4) glycoside linkages, and having on approximately every alternate
mannose a single D-galactose unit, joined to it by an α (1→6) glycoside linkage.18 The
chemical structure and high molecular weight give guar its thickening properties.
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Figure 3. Chemical structure of guar gum18

2.3.3

Role of Emulsifiers on the Physical Stability of Oil-in-Water Emulsions

Emulsions are thermodynamically unstable systems and so they have tendency to
breakdown overtime.11 The thermodynamic instability of emulsion is the result of two
different physicochemical characteristics. Firstly, the contact between oil and water
droplets is energetically not favorable so there is tendency for the system to reduce the
contact area between water and oil. Secondly, liquid food oils generally have a lower
density than water.11 As a consequence, emulsions tend to separate into two layers: a
layer of oil (lower density) on top of a layer of water (higher density).1 In general, the
overall appearance and the quality of a stored emulsion degrade with time and after a
certain period become unacceptable for consumption. The appearance and quality of an
emulsion are affected by three processes known as creaming, flocculation and
coalescence.20 When these processes occur in an emulsion, the term “physical instability”
is used to describe the state of the emulsion.20 To manufacture emulsions that are
kinetically stable for a reasonable periods of time emulsifiers are generally incorporated
12

prior to homogenization.21 Emulsifiers are surface-active molecules that adsorb to the
surface of freshly formed droplets during homogenization and facilitate the further
breakdown of droplets and also form a protective layer that prevents the droplets from
aggregating.21 Thus, stability against creaming, flocculation and coalescence can be
achieved by adding emulsifiers into food emulsions.22

Figure 4. Sketch of oil and water forming an emulsion. Addition of emulsifier forms a
layer on oil droplets, thereby increases the stability. (Modified from 23)

2.3.4

Role of Emulsifiers on the Oxidative Stability of Oil-in-Water Emulsions

Due to the health benefits of n-3 polyunsaturated fatty acids (n-3 PUFA) there has been
an increasing industrial interest using fish oils in foods during the past decade.24 Many
lipid-containing food products are in the form of oil-in-water emulsions such as milk,
beverages and salad dressings. However, the use of fish oils in foods is limited due to
their oxidative susceptibility. Lipid oxidation is a common cause of quality deterioration
in lipid-containing food products due to the presence of large amounts of polyunsaturated
fatty acids.25 Because the susceptibility of polyunsaturated fatty acids to oxidation has
restricted their application in the food products, it is important to develop effective
13

protection systems.26 In recent decades, special attention has been given to the use of
natural antioxidants for the prevention of oxidation because of the worldwide trend to
avoid or minimize the use of synthetic food additives.24
The susceptibility of the emulsified lipids to oxidation depends not only upon molecular
structure of the lipids, storage temperature and presence of pro-oxidants, but also upon
the surrounding molecular environment and interactions with other molecules within their
immediate vicinity.27 Studies have highlighted the importance of transition metal
catalysis as a primary factor responsible for promoting lipid oxidation. For example, iron,
a transition metal is a strong pro-oxidant that is present in all food systems. Transition
metals that are in close proximity to surface-active lipid hydroperoxides at the lipid
droplet interface will promote hydroperoxide degradation. Iron can decompose
hydroperoxides (LOOH) into alkoxyl (LO.) and peroxyl (LOO..) radicals. In lipid
systems, these highly reactive radicals abstract hydrogen from unsaturated fatty acids
(LH) within their immediate vicinity, forming new radicals that can further advance
oxidation, eventually causing rancidity.27 The ability of iron to breakdown lipid
hydroperoxides relies on its physical location relative to the surface of the emulsified
lipid phase, since oxidation generally occurs at the oil-water interface. This ability of iron
may be inhibited due to the presence of an adsorbed emulsifier layer at the lipid droplet
surfaces27.
Proteins and polysaccharides are generally regarded as safe (US Food & Drug
administration approved - GRAS) food additives that can form physically stable
emulsions while altering the properties of the emulsion droplet interface in a way that
increases oxidative stability.4 In oil-in-water emulsions, the nature of the interfacial
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membrane formed by the emulsifiers can have a large impact on the rate of lipid
oxidation reactions by influencing the location and reactivity of pro-oxidative transition
metals, lipid hydroperoxides, free radical scavengers and metal chelators.28
The emulsifying properties of whey proteins have been studied for years. Whey proteins
have been found to inhibit lipid oxidation in oil-in-water emulsions when they are either
at the emulsion droplet surface or in the aqueous phase.4 The antioxidant activity of whey
proteins has been ascribed to their ability to (1) form cationic charges on the droplet
surface, which repel transition metals; (2) form dense viscoelastic layers at emulsion
droplet interfaces, which physically decrease lipid hydroperoxide-transition metal
interactions; (3) chelate pro-oxidative metals; (4) inactivate free radicals by their
sulfhydryl groups and other amino acids.4 A better understanding of how whey proteins
effect oxidation reactions could help in the development of oxidatively stable oil-in-water
emulsions. Horn et al., 2011 reported that at pH 7.0, fish oil emulsions containing whey
protein oxidized less than lipid oxidation in neat fish oil.29 And, Charoen et al., 2012
stated that the oxidative stability of emulsified lipid would depend on the nature of
biopolymer emulsifier coating the lipid droplets.27 In their studies, it was also found that
the whey protein isolate coated droplets were relatively stable to lipid oxidation. On the
other hand, polysaccharides may show their antioxidant activity by donating a hydrogen
atom to free radicals, thereby acting as chain-breaking antioxidants, or they may act by
metal chelation, which reduces the activity of prooxidants.24
In conclusion, according to Charoen et al.,2012, “although it is evident that biopolymers
as emulsifiers can significantly retard the lipid oxidation in oil-in-water emulsions, at
present, there is still a relatively poor understanding of the physicochemical mechanisms
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responsible for differences in the oxidative stability of biopolymer-coated lipid droplets,
and further mechanistic work is clearly needed”.27
2.4 Protein-polysaccharide interactions
Research has shown30 that oil droplets coated by protein-polysaccharide complexes often
have better physical stability than that those coated by proteins alone because of the
alteration in interfacial charge, structure, and thickness. The stability of oil-in-water
emulsions containing protein-coated droplets can be enhanced by adding a
polysaccharide that adsorbs onto the droplet surface and forms a protective layer.31,32
Also, combination of protein and polysaccharide provides the system high surface
activity and high viscosity.7 Adsorption of polysaccharides or complexes to a previously
formed protein layer supplement the latter and result in an increased dilatational modulus
than that of pure protein layer.33
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Figure 5. Schematic representation of production of oil-in-water emulsions containing
droplets stabilized by a protein and a polysaccharide (Modified from 34)
This process can be achieved by mixing a protein-stabilized emulsion and a
polysaccharide solution under conditions where there is an attractive force between the
polysaccharide molecules and the protein-coated droplet surfaces. The most commonly
exploited attractive force is the electrostatic interaction between the charged groups on
polysaccharide molecules and the oppositely charged groups on adsorbed protein
molecules.30 Electrostatic interaction of whey proteins with charge-carrying
polysaccharides in the emulsion systems has been the subject of interest in recent
research.35 According to Koupantsis et al., 2009, the electrostatic interaction between
whey-protein and anionic polysaccharide such as xanthan results in water-soluble hybrid
formation with improved functionality which could be utilized in the formation and
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stabilization of food emulsion systems substituting the synthetic low-molecular weight
emulsifiers.35
2.5 Polysaccharide-Polysaccharide interactions
In food emulsions, many combinations of polysaccharides proved interesting because
their rheological and functional properties are complementary. Many specific and strong
interactions occur between different polysaccharides. One such combination is xanthan
gum with galactomannans. All galactomannans, including guar gum, locust bean gum
(LBG), tara gum and cassia gum interact synergistically with xanthan gum. The best
known and commercially most valuable interactions involve guar gum and locust bean
gum.17
Galactomannans are composed of mannose chains with galactose side units. The
mannose to galactose ratio is an important parameter for the interaction with xanthan
gum. Guar gum which has a mannose to galactose ratio of around 2:1, exhibits weak
synergism, whereas locust bean gum, with a ratio of 4:1, reacts more strongly with
xanthan gum. The distribution of galactose side chains in galactomannans is uneven and
this synergistic effect is explained by the interaction between the xanthan molecule and
the unsubstituted (‘smooth’) areas of the galactomannans. Locust bean gum, with its
much less branched mannose chains than guar gum and which has more favorable
distribution of galactose units along the mannose chain, has more ‘smooth’ regions,
hence interacts more strongly with xanthan gum.17

18

Figure 6. Schematic representation of interaction of xanthan gum with smooth regions of
galactomannans. (Modified from 36)
2.6 α-Galactosidase
To convert guar galactomannan into a locust bean galactomannan equivalent, some of the
side-chain (1→6)-α-linked D-galactosyl residues need to be removed without significant
cleavage of the backbone. The required specificity can only be achieved in an enzymemediated reaction. The appropriate enzyme, α-galactosidase, is one of the group of
enzymes utilized in mobilizing galactomannan energy reserves during seed germination;
it has been extracted and purified from several seed sources.37
Studies have shown that purified legume α-galactosidases act in the expected manner on
guar galactomannan and lead to depletion of the galactose content of the polysaccharide
without inducing any backbone scission.37 Enzymatically modified guar galactomannans
containing similar mannose/galactose ratios to locust bean gum were found to exhibit
similar physical properties, such as co-gelation with xanthan gum. Therefore, it has been
established that α-galactosidase action on guar gum leads to the production of
galactomannans with decreased galactose contents and increased functional value. 37
19

2.7 Omega-3 fatty acids
Fat consumption is necessary for human development, health and longevity. Fatty acids
are hydrocarbon chains with a carboxyl group at one end and a methyl group at the other.
The fatty acids containing two or more double bonds in its hydrocarbon chain are referred
to as polyunsaturated fatty acids (PUFA). There are two fatty acids that have been
identified as being essential in the human diet: linoleic acid (LA) and alpha-linolenic acid
(ALA), which are also known as omega-6 and omega-3 fatty acids, respectively.38 These
fatty acids are considered essential because they cannot be synthesized by the human
body because of the lack of enzymes that can form double bonds beyond the 9th carbon.38
After consumption, the essential fatty acids can then be converted in the human body by
desaturation and elongation into longer chained and more unsaturated fatty acids, which
are more bioactive than their precursors. The most common derivative of LA is
arachidonic acid. ALA is converted to eicosapentaenoic acid (EPA), which is further
elongated to docosahexaenoic acid (DHA)38
2.7.1

Pathway of Conversion of α-linolenic acid to more unsaturated omega-3 fatty
acids

Animals, including humans, do not possess the delta-15 desaturase enzyme in the body,
which is useful to synthesize alpha-linolenic acid. Although humans cannot synthesize it,
they can metabolize it by further desaturation and elongation; desaturation occurs at
carbon atoms below carbon number 9 and primarily occurs in liver. After consumption,
alpha-linolenic acid can be converted to stearidonic acid by delta-6 desaturase enzyme
and then stearidonic acid can be elongated to 20:4 omega-3 fatty acid. This fatty acid can
be further desaturated by the enzyme delta-5 desaturase to produce eicosapentaenoic acid.
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The further conversion of eicosapentanoic acid yields docosahexaenoic acid in the
presence of delta-6 desaturase enzyme.39

Figure 7. Pathway of conversion of α-linolenic acid to longer chain, more unsaturated
fatty acids39
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2.7.2

Dietary Sources of Omega-3 Fatty Acids

There are many dietary sources of omega-3 fatty acids including fish, krill, algae, and
land plants. Compared to other foodstuffs, fish and other seafood are good sources of the
long chain omega-3 fatty acids EPA, DPA and DHA. The type and amount of omega-3
fatty acids and the amount of EPA and DHA varies with fish species, time of year and the
geography. Overall, in marine fish, the most important factor is their total fat content,
with high fat fish having the high amount of omega-3 fatty acids. In the United States,
salmon, anchovies, herring, sardines, and pacific oysters are the most commonly
consumed low mercury seafood types.38 Alternate marine sources are available as a
source of omega-3 fatty acids, without facing the challenges associated with using fish.
Krill oil has higher levels of EPA and DHA than fish oil but it has higher cost, so it is
usually used in dietary supplements. In addition, algae are the primary marine plat
sources of omega-3 fatty acids. While algae produces higher levels of DHA, the EPA
levels are usually lower than fish oil.38
Green leaves contain over 50% of their fatty acids as α-linolenic acid; however, they are
not rich sources of fat. Several seeds and seed oils and some nuts contain significant
proportions of α-linolenic acid. Linseeds typically contain 45-55% of their fatty acids as
α-linolenic acid. In addition, corn oil, sunflower oil are found to contain little amounts of
α-linolenic acid.39
2.7.3

Health Benefits and Dietary Recommendations

The past decade has seen a great accumulation of the information on the effects of
omega-3 fatty acids on human health.38–42 Fish oils have been reported to have many
mechanisms by which they can reduce cardiovascular disease (CVD). Other health
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benefits include decreased blood pressure, positive shifts in blood lipid profiles such as a
decrease in low density lipoprotein (LDL) levels, and increase in high density lipoprotein
(HDL) levels, improved cell membrane stability, decreased platelet aggregation, and
reduced inflammation.38 The EPA and DHA found in fish oil is also associated with the
prevention of inflammatory disease, asthma and rheumatoid arthritis. DHA has been
associated with brain development because of the large amounts of DHA in the human
nervous system. Besides brain development, omega-3 fatty acids have also been
investigated for connections with metal health conditions including depression, dementia
and Alzheimer’s disease.
Many organizations at the national and international level have published
recommendations for Omega-3 PUFAs. These recommendations vary in the specificity of
omega-3 PUFA forms taken, such as fish, ALA, EPA and DHA. In the United States, the
2010 Dietary Guidelines for Americans suggests consuming 250 mg of EPA and DHA
per day by the means of 227 g of a variety of seafood a week. According to the National
Academies, USA, for males and females 14 years old and above, the adequate intake
value of ALA, EPA and DHA are 1.6 ad 1.1 g, per day, respectively. The American
dietetic Association and Dieticians of Canada recommended 2 servings of fatty fish per
week; 8 ounces of cooked fish should provide 500 mg of EPA and DHA per day. The
World Health Organization recommends 2 servings of fish per week in order for the
consumer to intake about 200 to 500 mg of EPA and DHA per day.38
Western diets in general do not provide sufficient omega-3 PUFA intakes. American’s
current consumption of EPA and DHA levels is lower than the recommended values. On
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average, Americans are currently consuming 3.5 ounces of seafood per week and most of
it is low is omega-3 PUFAs.
2.7.4

Menhaden Oil

Menhaden is an abundant fish species in the United States found in the North Atlantic
Ocean but it is not directly used as human food. Menhaden fish are processed into fish oil
and fish meal that are used as food ingredients and dietary supplements.43,44 Menhaden
oil is rich in eicosapentaenoic (12.8% -15.4%) and docosaehexanoic (6.9% - 9.1%) acids
and it contains more docosapentaenoic acid (4.9%) than any other fish species in the
United States.45 Lipid oxidation is one of the limiting factors of fish oil, especially fish oil
such as menhaden oil that contains high amounts of unsaturated fatty acids.43
2.8 Lipid oxidation
Lipid oxidation is a general term that is used to describe a complex sequence of chemical
changes from the interaction of lipids with oxygen-active species.46 Lipid oxidation is of
great concern in food industry as it leads to the development of undesirable ‘off-flavors’
(rancidity) and potentially toxic reaction products. Furthermore, lipid oxidation produces
chemical compounds that degrade product quality, alter textural properties, and adversely
affect the color and nutrition of a food product, thereby finally reducing shelf-life. These
oxidized food products may be detrimental to the health of consumers.
The mechanism of lipid oxidation in oil-in-water emulsions differs from bulk lipid
because emulsions have an aqueous phase which contains both pro-oxidants and
antioxidants and oil-water interface that impact interactions between oil and water
components.47 Waraho et al., 2011 reported that transition metals are major pro-oxidants
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in oil-in-water emulsions.47 Iron is thought to be the most important transition metal as
the specific iron binding proteins, transferrin and lactoferrin strongly inhibit lipid
oxidation in oil-in-water emulsions.47 There are many other factors that affect the lipid
oxidation, including chemical structure of lipids, degree of unsaturation of fatty acids,
presence of oxygen and antioxidants etc.
2.8.1

Mechanism of Lipid Oxidation

The precise mechanism of lipid oxidation in a particular food depends on the nature of
the reactive species present and their physicochemical environment. Autoxidation is the
most common process leading to oxidative deterioration and is defined as the
spontaneous reaction of atmospheric oxygen with lipids. Unsaturated fatty acids are
generally the reactants affected by such reactions, whether they are present as free fatty
acids, triacylglycerols or phospholipids.48 It has been accepted that both autooxidation
and thermal oxidation of unsaturated fatty acids occur via a free radical chain reaction
that proceeds through three steps of initiation, propagation and termination.

Figure 8. Reactions describing three steps involving in lipid oxidation process48
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In the initiation step, the abstraction of a hydrogen from unsaturated fatty acid forms an
alkyl radical (L·) in the presence of an initiator. Later, in the propagation step, the formed
alkyl radical reacts with oxygen to produce a highly reactive peroxyl radical (LOO·).
Subsequently, the peroxyl radical abstracts another hydrogen from an unsaturated fatty
acid and forms a lipid hydroperoxide (LOOH). The most likely mechanism for the
acceleration of lipid oxidation is decomposition of lipid hydroperoxides into highly
reactive alkoxyl and peroxyl radicals by transition metals or other pro-oxidants.46 These
radicals react with unsaturated lipids (LH) within the droplets or at the droplet surface,
which lead to the lipid radicals. The lipid oxidation chain reaction propagates as these
lipid radicals react with other unsaturated fatty acids in their immediate vicinity.46
Finally, in the termination step, some of the lipid radicals formed may be terminated
when they react with other radicals.
2.8.2

Factors influencing lipid oxidation

Several different environmental factors can be controlled to reduce the extent of
oxidation in oil-in-water emulsions. Temperature is the main contributing factor.
Reducing the storage temperature can minimize the oxidation in oils.49 Additionally,
oxygen exposure will be a catalyst for production of free radicals. Reducing the area of
the oil in contact with air can prevent this type of oxidation.49 Light can also trigger the
oxidative degeneration, which can be decreased by reducing the exposure of oil to the
direct sunlight or using amber coated containers for storage. Transition metals like iron
and copper can act as pro-oxidants and increase the rate of lipid oxidation. Removing
transition metals from oil can potentially reduce the oxidative deterioration.49
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2.8.3

Lipid Oxidation Products

Lipid hydroperoxides have been identified as primary products of oxidation.
Decomposition of hydroperoxides yields aldehydes, ketones, alcohols and hydrocarbons,
known as secondary oxidation products. These products, together with free radicals,
constitute the bases for measurement of oxidative deterioration of food lipids.48
Measuring oxidation involves testing for the primary and secondary breakdown
products.49
2.8.4

Measurement of Primary Oxidation Products: Peroxide Value

Primary oxidation processes in oil mainly form hydroperoxides, which are measured by
Peroxide Value (PV). The peroxide value serves as a useful indicator of oxidation in
lipids, fats and oils in the initial stage. In general, the lower the PV, the better the quality
of oil.49 The advantage of the peroxide value determination is that it directly measures the
lipid peroxides, which are the primary lipid oxidation products.50 There were many
methods established for the determination of peroxide value such as the AOAC official
method and the American Oil Chemists Society method, both of which determine
peroxide concentration by using iodometric titrations, but they lack sensitivity and
require large amounts of lipid sample.50 To improve on the drawbacks of the official
methods, a number of new methods that use UV-Spectrophotometry for the determination
of peroxide value were developed. These new methods are highly-sensitive and do not
require large quantities of lipid.50
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2.8.5

Measurement of Secondary Oxidation Products

2.5.8.1 Thiobarbituric Acid Reactive Substances (TBARS)
Thiobarbituric acid reactive substances (TBARS) is a method to investigate secondary
oxidative aldehyde products in polyunsaturated fatty acids (PUFA). This method has
been widely used to monitor secondary lipid oxidation products in oil-in-water
emulsions, because it is easy to use and comparatively fast. During lipid oxidation,
maloaldehyde (MA), a minor component of fatty acids with 3 or more double bonds, is
formed as a result of the degradation of polyunsaturated fatty acids. In this assay, the MA
is reacted with thiobarbituric acid (TBA) to form a pink MA-TBA complex that is
measured spectrophotometrically at an absorption of 530-535 nm. The extent of oxidation
is reported as TBA value and is expressed as milligrams of MA equivalents for kilogram
sample.

Figure 9. The reaction of TBA with MA to form a TBA-MA complex48
2.5.8.2 SPME GC-MS Headspace Analysis of Secondary Oxidation Products
Hexanal and Propanal, which are the degradation products of primary oxidation products
are often used as indicators of lipid oxidation in oil-in-water emulsions, because they can
be measured in the sample headspace and their lack of double bonds makes them more
oxidatively stable than unsaturated aldehydes.51 Solid phase microextraction (SPME) is
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an analytical method used to measure volatile substances present in a headspace vial.
This method provides many advantages over traditional methods for the extraction of
volatile saturated aldehydes, including easy manipulation and experimental set up, short
sampling times, easy automation and high sensitivity.51
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Chapter 3
EXPERIMENTAL
3.1 Materials
Crude Menhaden oil without any added antioxidants was purchased from Sigma-Aldrich
Co., St. Louis, MO; Whey protein isolate was obtained from Davisco Foods Int’l, Inc.;
xanthan gum and guar gum were purchased from Sigma-Aldrich Co.; α-Galactosidase
enzyme was purchased from Megazyme International, Ireland; isooctane, ammonium
thiocyanate, barium chloride, ferrous sulfate, trichloroacetic acid, thiobarbituric acid,
cumene hydroperoxide, and 1,1,3,3-tetraethoxypropane were purchased from SigmaAldrich Co. St Louis, MO.
3.2 Enzymatic degradation of guar gum
The method described by Pai et al., 2002 was used for the enzymatic hydrolysis of guar
gum.52 Guar gum was hydrolyzed using α-galactosidase from guar seed. Guar solutions
(1% w/w) were incubated with 0.4 U/mL guar of α-galactosidase. Incubation time was set
at 5 h to obtain a modified guar sample. Enzymatic hydrolysis was carried out at a
constant temperature of 35oC so that enzyme activity was at its optimum. The enzyme
was deactivated at the end of the incubation time interval by heating the solution at 85oC
for 10 min. The solution was then centrifuged at 10000 rpm for 20 min. After the
centrifugation, the clear, supernatant solution was discarded and the precipitate
containing modified guar gum was lyophilized for 24 h using a freeze dryer. After 24 h,
the freeze dried sample was collected and pulverized using a mortar and pestle to obtain a
fine modified guar gum powder.
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3.3 Emulsion Preparation
Whey protein isolate (WPI) (20% w/v), xanthan gum (1%), guar gum (1%) and
enzymatic modified guar gum (1%) stock solutions were prepared by stirring the
solutions on a magnetic stirrer for 10 h. After 10 h, xanthan gum was heated at 70 oC in a
water bath for 60 min to ensure homogeneous dispersion. To the stock solutions, 0.05%
sodium azide was added to prevent microbial growth. The oil-in-water emulsions were
prepared by first emulsifying deionized water (DI) with WPI for 2 minutes using a Fisher
Scientific PowerGen 500 homogenizer at 30,000 rpm. To the WPI solution, required
amount of menhaden oil was slowly added and homogenized for 5 min. Finally, required
quantities of gums were added and homogenized for 3 more min. The prepared emulsions
were then sonicated in an ultrasonic water bath for 1 min at high speed using a VWR
sonicator. Six different concentrations (0, 0.05, 0.1, 0.15, 0.2, and 0.3 wt%) of emulsions
were prepared for xanthan (XG), guar (GG), xanthan/guar (XG/GG), and
xanthan/enzyme-modified guar (XG/EMG) gum mixtures. The final composition of the
emulsions was 20% (v/v) menhaden oil, 2% (w/v) WPI, and 0-0.3% (w/v) of gums. For
emulsions with XG/GG and XG/EMG mixtures, the gums were blended in a 50:50 ratio.
3.4 Physical Stability Measurements

3.4.1

Particle Size Measurements

The droplet size of the emulsions was determined using the Malvern Mastersizer hydro
2000MU (Malvern Instruments, Ltd., Worcestershire, UK). This instrument measures the
angular dependence of the scattered light intensity when a laser beam passes through a
dilute emulsion. The intensity vs angle profile is then converted to a droplet distribution
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by the instrument. Emulsions were diluted with 800 mL of deionized water to prevent
multiple scattering effects. Emulsion sample was added until the obscuration in in 1020% range. The refractive indices used for oil droplet and deionized water were 1.46 and
1.33, respectively. The droplet size of all emulsions samples were measured in duplicate.
The surface weighted mean, D [3, 2] of oil droplets was calculated. The particle size is
reported as a volume equivalent sphere diameter.
3.4.2

Viscosity Measurements

Emulsion viscosity against shear rate was measured using a Discovery Hybrid
Rheometer, TA Instruments, with following settings: Geometry: 40 mm parallel plate;
Temperature: ~24 oC; stop head gap: 1000.0 μm; geometry gap: 1000.0 μm; trim gap:
1000 μm; loading gap: 26500.0 μm; time gap offset: 50.0 μm; shear rate: 2.0 - 100.0 1/s;
Velocity 0.0 – 5.0 rad/s; torque 10.0 – 1000.0 μN.m. One mL of emulsion sample was
taken and the viscosity was measured against shear rate for 60 s. All samples were
prepared in duplicate.
3.4.3

Creaming Stability Measurements

Creaming stability was investigated to evaluate the relative stability of oil-in-water
emulsions. Creaming Index can provide the indirect information about the extent of
droplet aggregation in an emulsion: the more the aggregation, the larger the flocs and
faster the creaming. Immediately after preparation, 15 mL of emulsions were transferred
to 18 mL clear glass vials and the vials were sealed with caps to prevent evaporation. The
emulsions were kept at room temperature and the movement of any creaming boundary
was monitored each hour for the first 12 h, followed by a period of 20 days. Emulsions
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separated into a top oil layer and a bottom serum layer. The total emulsion height (HT)
and the bottom serum layer (HS) height were measured in millimeters using a precise
ruler. The creaming index (CI) was reported as CI% = 100 (HS)/ (HT).
3.4.4 Microstructure
Microstructure of emulsion samples was observed using a Zeiss Axioplan 2 optical
imaging equipped with attached camera. The objective magnification used was 40x. Fifty
μl of emulsion sample was taken on a clear glass slide and a cover slip was placed
ensuring no air bubbles are seen. The images were then captured using Axiovision 2.0
software.
3.5 Lipid Oxidation measurements
3.5.1

Measurement of Primary Oxidation products

Peroxide value (PV) of emulsions was determined by adopting the method described by
Elias et al., 2005.53 (Emulsions (3 mL) were placed in capped glass vials and allowed to
autooxidize in the absence of light at room temperature for up to 14 days. Lipid
hydroperoxides were measured by mixing the emulsion (0.3 mL) with 1.5 mL of
isooctane/1-butanol (2:1 v/v), followed by 15 μL of 3.94 M ammonium thiocyanate and
15 μL of ferrous iron solution (prepared by adding equal amounts of 0.132 M BaCl2 and
0.144 M FeSO4). After 20 min the absorbance of the solutions was measured at 510 nm
using a PerkinElmer Lambda 35 UV-vis spectrophotometer. Hydroperoxide
concentrations were determined using a standard curve prepared using cumene
hydroperoxide.
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3.5.2

Measurement of Secondary Oxidation Products

3.5.2.1 Thiobarbituric Acid Reactive Substances (TBARS)
Thiobarbituric acid reactive substances (TBARs) were determined using the method
adopted from Elias et al.,200553. 0.1 to 1.0 mL (final volume adjusted to 1.0 mL with
deionized water) of emulsion with 2.0 mL of TBA reagent (15% w/v trichloroacetic acid
and 0.375% w/v thiobarbituric acid in 0.25 M HCl) in glass vials and place in a boiling
water bath for 15 minutes. The vials were cooled to room temperature for 10 minutes.
The samples were then centrifuged at 1000 g for 15 minutes. After 10 min, the
absorbance was measured at 532 nm. Concentrations of TBARs were determined by
using a standard curve prepared using 1,1,3,3,-tetraethoxypropane.
3.5.2.2 GC-MS SPME Headspace Analysis of Hexanal
Hexanal was measured as a secondary lipid oxidation product. Hexanal concentrations
were measured using a Varian-450 GC coupled with a Varian 220-MS IT mass
spectrometer. The autosampler used was AOC-5000. One mL of emulsion sample was
taken into a 10 mL headspace vial and the vials were capped with magnetic screw caps
with attached septum. Each sample was agitated for 13 min at 55oC. Solid phase micro
extraction (SPME) fiber needle (supelco) was injected into the sample vial for 1 min to
adsorb volatiles and then injected into the 250oC injector port for 3 min. The gas
chromatograph ran for 10 min. at 65oC for each sample. Helium was used as carrier gas.
Hexanal concentrations were determined from peak areas using a standard curve made
from authentic hexanal.
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3.6 Statistical Analysis
Experiments were performed twice using freshly prepared samples. Averages and
standard deviations were calculated from these duplicate measurements. The results were
reported as the mean ± standard deviation (SD) of the measurements.

Figure 10. Plot of standard curves. (A) Peroxide value (B) TBARS

35

Chapter 4: Results and Discussion
4.1 Particle Size Measurements
The plot of surface weighted mean, D [3, 2] of oil droplets measured as a function of gum
concentrations for emulsions with GG, XG, XG/GG, and XG/EMG gum mixtures is
shown in Figure 11. The results show that droplet size of all the emulsions was around
4μm. The emulsion type and gum concentration did not significantly affect the particle
size. Sun et al., 2007, and Khouryieh et al., 2015 reported that xanthan gum is a nonadsorbing polysaccharide and does not bind on the droplet surface, hence will not alter
the size of the droplet7,54. It has also been found by Huang et al., 2001 in their study that
emulsions prepared with xanthan and guar gums were found to have similar particle
sizes.55 From the results obtained it can also be assumed that, similar to xanthan gum,
guar gum could also be a non-adsorbing polysaccharide, hence the polysaccharides alone
and in mixtures, did not affect the droplet size.

Figure 11. Effect of gums concentration on the average particle size of 2 wt% WPI
stabilized oil-in-water emulsions containing 20% menhaden oil. (♦-GG, ■-XG,
▲-XG/GG, -XG/EMG) (GG-guar gum, XG- xanthan gum, XG/GG-xanthan/guar,
XG/EMG-xanthan/enzyme-modified guar gum mixture)
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4.2 Viscosity Measurements
The viscosity values as a function of shear rate (2 to 100 S-1) of emulsions containing
GG, XG, XG/GG, and XG/EMG are shown in Fig. 12. The figures show that, in
emulsions with GG alone, there was no significant change in the viscosity as the
concentration increases from 0-0.3%. This is because guar gum alone is not capable of
altering the viscosity of the aqueous phase in emulsions significantly even at higher
concentrations because of the high galactose side chains in its structure.18 In emulsions
with XG and XG/GG mixtures, the viscosity gradually increased with gum concentration
from 0-0.3%. However, in emulsions with XG/EMG gum mixtures, the viscosity
gradually increased with gum concentration up to 0.1%, and sharply increased from 0.10.3%. This suggests that increased synergistic gelation occurs between xanthan and EMG
at higher concentrations. Emulsions with XG alone paralleled in viscosity that of
emulsions with XG/GG gum mixtures at all concentration levels. Emulsions with no
gums (0%) showed the lowest viscosity values in all emulsion types. All the emulsions
behaved like a non-Newtonian fluid (shear-thinning), irrespective of emulsion type and
gum concentration. The emulsion viscosity decreased as the shear rate increased. This
shear-thinning behavior can be explained by the phenomenon that when shear rate
sufficiently increases to overcome the Brownian motion, the emulsion droplets become
more ordered along the flow field and show less resistance to flow and hence exhibit
lower viscosity.7
The results revealed that emulsions with XG/EMG mixtures were having relatively
higher viscosities than all other emulsion types at a shear rate of 2 to 100 1/s. The higher
viscosity is due to the low mannose to galactose ratio in EMG, which enhanced the
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interaction of EMG with the helices of XG. These results are consistent with the results
obtained by Bresolin et al., 1997.56

Figure 12. Viscosity values as a function of shear rate of 2 wt% WPI stabilized oil-inwater emulsions containing 20% v/v menhaden oil. (A) GG (B) XG (C) XG/GG (D)
XG/EMG. (♦-0%, ■-0.05%, ▲-0.1%, -0.15%,
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-0.2%, ●-0.3%)

4.3 Creaming Stability Measurements
The creaming profile of the oil-in-water emulsions as a function of gum concentration is
shown in Fig. 13; and the creaming index of the emulsions versus storage time at 3 h and
240 h is shown in Fig. 14. Creaming index measurements were conducted to evaluate the
physical stability of oil-in-water emulsions containing XG, GG, XG/GG and XG/EMG
gum mixtures at an increasing concentration range of 0-0.3%. Separation of layers was
measured each hour for 12 h after the emulsion preparation, followed by a period of 20
days, during which emulsions containing XG/EMG mixtures were the most stable. The
emulsions containing only WPI exhibited a rapid phase separation in all emulsion types.
The visual observation of creaming boundaries indicated that emulsions containing GG
alone showed highest phase separation of all emulsion types at both 3 h and 480 h period.
On the other hand, the emulsions with XG alone are more stable than the emulsions
containing GG alone. No significant change in creaming was observed between
emulsions containing XG and XG/GG gum mixtures at all gum concentration levels. At
the highest concentration (0.3%), emulsions with XG, XG/GG, and XG/EMG gum
mixtures did not show any creaming behavior during the course of 20 days; however,
emulsions with GG alone showed separation of layers at all concentrations. At 0.2% gum
concentration level, all emulsion types showed serum separation, except the emulsions
with XG/EMG gum mixtures. Overall, the order of increasing creaming stability of all
four types of emulsions during the 20 days observation period can be shown as XG/EMG
˃ XG/GG ˃ XG > GG.
Sun et al., 2007 reported that this behavior of increased creaming stability in emulsions
with XG/EMG gum mixtures than all other emulsion types can be due to the sharp

39

increase in viscosity of the aqueous phase upon interaction of XG with enzymatically
modified guar gum, which reduced the droplet movement, thereby creaming.7 The higher
viscosity in emulsions with XG/EMG gum mixtures is the result of enhanced interaction
of EMG with the helices of XG. Urlachar et al., 1997 stated that the degradation of native
guar gum produces EMG with reduced mannose to galactose ratio that shows enhanced
interaction with XG than native guar gum, and exhibits increased viscosity.17

Figure 13. Effect of gums concentration and storage time on creaming profile of 2 wt%
WPI stabilized oil-in-water emulsions containing 20% (v/v) menhaden oil. A) GG B) XG
C) XG/GG D) XG/EMG; (I) 3 h (II) 480 h
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Figure 14. Effect of gums concentration on the creaming stability of 2 wt% WPI
stabilized emulsions containing 20% (v/v) menhaden oil. Data represents creaming index
percentage of GG, XG, XG/GG and XG/EMG versus storage time in hours. (A) GG (B)
XG (C) XG/GG (D) XG/EMG (♦-0%, ■-0.05%, ▲-0.1%, -0.15%,
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-0.2%, ●-0.3%)

4.4 Microstructure

Emulsion microstructure as a function of gum concentration is shown in Figure 15.

Figure 15. Microstructures of 2 wt% WPI stabilized emulsions containing 20% v/v
menhaden oil. (GG-Guar gum, XG- Xanthan gum, XG/GG-Xanthan/guar gum mixture,
XG/EMG- Xanthan/enzyme-modified guar gum mixtures)
Optical images of 2 wt% WPI emulsions without any gum concentrations exhibited
flocculation of oil droplets. In all the emulsion types, the flocculation decreased as the
gum concentration increased. At lower concentrations, more empty spaces appeared
between the droplets, which means the droplets aggregate together and formed depletion
flocculation. Emulsions containing GG, XG, XG/GG gum mixtures showed depletion
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flocculation even at higher concentrations. However, the emulsions with XG/EMG
mixtures significantly reduced the depletion flocculation at 0.2 and 0.3% gum
concentration levels. More stable emulsions with smaller droplet sizes were observed
with emulsions containing XG/EMG gum mixtures than other emulsion types, which is
due to the highly viscous networks formed by the co-gelation of xanthan and EMG,
which prevented the droplet aggregation.
The appearance of flocculation of oil droplets in emulsions with only WPI is due to the
lack of viscous continuous phase, which could not retard the movement of droplets within
the emulsion system. In contrast, at higher gum concentrations, the viscosity of the
continuous phase increases, which immobilizes the oil droplets and prevents them from
flocculation. These results are consistent with the results obtained by Sun et al., 2007.7
4.5 Lipid Oxidation Measurements
4.5.1

Peroxide Value

Lipid hydroperoxides are the primary oxidation products that can be measured to
determine the extent of oxidation in oil-in-water emulsions. Hydroperoxide
concentrations as a function of storage time in emulsions containing GG, XG, XG/GG,
and XG/EMG gum mixtures are shown in Fig. 16. The emulsion type and gum
concentrations were found to be an important factor in controlling the lipid oxidation.
Hydroperoxide concentrations were increased in emulsions containing GG alone during a
14 day storage period. The extent of oxidation decreased gradually as the gum
concentration increased in all the emulsion types. The emulsions with only WPI showed
the highest hydroperoxide concentration. A gradual and consistent increase in the
hydroperoxide concentrations was observed during the 14 day period in all emulsions
43

types. All types of gums showed antioxidant activity on emulsions. Emulsions containing
XG and XG/GG were more stable to oxidation than the emulsions containing GG alone.
Considerable decrease in oxidation was observed in emulsions containing XG/EMG
mixtures compared to other emulsion types. After 14 days, the emulsions with higher
oxidative stability were in the order of XG/EMG > XG/GG > XG > GG. In all emulsion
types, the emulsions with 0.3% showed better oxidative stability than the emulsions with
lower gum concentrations. This is probably due to the enhanced viscosity from the
synergistic interaction between XG and EMG, which resulted in the slower diffusion of
oxidants to oil droplet surface area, hence the decrease in the rate of lipid oxidation. The
differences in the antioxidant activity depend on the interaction of the XG with EMG and
the concentration. It may also depend on the surface charge of emulsion droplets, in the
decreasing order of anionic, nonionic and cationic emulsifier, as explained by Yoshida et
al., 1992. Khouryieh et al., 2015 reported increased oxidative stability of oil-in-water
emulsions containing polysaccharides at higher concentrations.54 Also, Charoen et al.,
2012 stated that the oxidative stability of emulsified lipid would depend on the nature of
biopolymer present in the emulsion.27 In the study conducted by Sorensen et al., 2008, it
was found that polysaccharides, such as xanthan can show their antioxidant activity by
donating a hydrogen atom to free radicals, thereby acting as chain-breaking
antioxidants.24
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Figure 16. Effect of gums concentration on the peroxide value of 2 wt% WPI stabilized
oil-in-water emulsions containing 20% v/v menhaden oil. (A) GG (B) XG (C) XG/GG
(D) XG/EMG (♦-0%, ■-0.05%, ▲-0.1%, -0.15%,
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-0.2%, ●-0.3%)

4.5.2

Secondary Lipid Oxidation Products

4.5.2.1 Thiobarbituric Acid Reactive Substances
Thiobarbituric acid reactive substances (TBARS) are the secondary lipid oxidation
products formed by the degradation of lipid hydroperoxides. TBARS values of oil-inwater emulsions containing GG, XG, XG/GG, and XG/EMG gum mixtures as a function
of storage time are shown in Fig. 17. No significant oxidation was observed for the first 8
days of measurements in all emulsion types; however, the TBARS concentrations rapidly
increased from day 10 in all of the emulsions. This reveals that the decomposition of
primary oxidation products into secondary oxidation products occurred after 8 days of
storage. The emulsions with GG alone were highly oxidized than all other emulsion types
during a 14 day storage period. In all the emulsion types, at higher gum concentrations
less TBARS concentrations were observed. The emulsions with only WPI exhibited the
highest lipid oxidation and were more oxidatively unstable. On the other hand, emulsions
with XG/EMG gum mixtures reduced the formation of TBARS at all concentration
levels. Overall, the emulsions with XG/EMG gum mixtures were more effective in
retarding the lipid oxidation in oil-in-water emulsions at all gum concentration levels,
compared to other emulsion types. This is probably due to the increased metal chelation
activity of XG/EMG gum mixtures, which resulted due to the synergistic interaction
between xanthan and enzymatically modified guar gum that reduced the activity of
prooxidants causing lipid oxidation in oil-in-water emulsions. These results are consistent
with the results obtained by Sorensen et al., 2008.24 They explained that polysaccharides
at higher concentrations show their antioxidant activity by chelation of transition metals,
such as Iron, which reduces the degradation of lipid hydroperoxides (LOOH) into alkoxyl
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(LO.) and peroxyl (LOO..) radicals. As a result, the activity of these highly reactive free
radicals abstracting a hydrogen from unsaturated fatty acid (LH) and forming new
radicals will be inhibited, which eventually retards the lipid oxidation in oil-in-water
emulsions.24 Furthermore, Khouryieh et al., 2015 reported significant increase in
oxidative stability of oil-in-water emulsions with increasing polysaccharide
concentrations.54 These results support the addition of polysaccharides into oil-in-water
emulsions to increase their oxidative stability.
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Figure 17. Effect of gums concentration on the TBARS value of 2 wt% WPI stabilized
oil-in-water emulsions containing 20% menhaden oil. (A) GG (B) XG (C) XG/GG (D)
XG/EMG (♦-0%, ■-0.05%, ▲-0.1%, -0.15%,
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-0.2%, ●-0.3%)

4.5.2.2 GC-MS SPME Headspace Analysis of Hexanal
Hexanal is a stable secondary oxidation product obtained by the degradation of primary
oxidation products. Hexanal concentrations were measured for 4 weeks after preparation
of emulsions. The concentration of hexanal in emulsions with GG, XG, XG/GG, and
XG/EMG as a function of gum concentrations are plotted in Figure 18. No hexanal
concentrations were found during the first 3 weeks of measurements; however, rapid
increase in hexanal concentrations were observed during week 4. The emulsions
containing GG alone showed highest lipid oxidation after 4 weeks of storage. The
emulsions with XG, and XG/GG gum mixtures showed similar levels of hexanal.
However, the emulsions with XG/EMG were the most effective in preventing the
formation of hexanal of all the emulsion types. At 0.3 wt% gum concentration, emulsions
with XG/EMG showed no hexanal concentrations even after 4 weeks of storage, whereas
other emulsion types showed presence of hexanal at higher concentrations. The results
showed a polysaccharide concentration dependent oxidative stability in all emulsion
types. These results are in support with the results obtained by Hu et al., 2004.57 Their
study of metal chelators on the oxidative stability suggested significant decrease in
hexanal concentrations.57 In the present study, the emulsions with XG/EMG gum
mixtures decreased the amount of hexanal formation, probably due to the synergistic
effect of xanthan and enzymatically modified guar gum, which resulted in increased
metal chelating activity, thereby reduced the extent of oxidation.57
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Figure 18. Effect of gums concentration on the hexanal formation of 2 wt% WPI
stabilized oil-in-water emulsions containing 20% menhaden oil. (A) GG (B) XG (C)
XG/GG (D) XG/EMG (♦-0%, ■-0.05%, ▲-0.1%, -0.15%,
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-0.2%, ●-0.3%)

Chapter 5: Conclusion and Future work
The native guar gum was hydrolyzed using the enzyme α-galactosidase and the obtained
modified-guar gum was used in preparing the emulsions with XG/EMG blends. The
evaluation of creaming stability, viscosity experiments suggested increased physical
stability of oil-in-water emulsions when adding XG/EMG gum mixtures. Microstructure
images revealed reduced flocculation of oil droplets in emulsions with XG/EMG gum
mixtures. Lipid oxidation measurements revealed that emulsions containing XG/EMG
mixtures can act as an antioxidant system in oil-in-water emulsions and they showed
better oxidative stability than emulsions containing GG, XG, and XG/GG gum mixtures.
From the results obtained, XG/EMG gum mixtures in oil-in-water emulsions can be a
cost-effective alternative to emulsifiers to increase the physical and oxidative stability of
oil-in-water emulsions.
The future work includes the evaluation of the effect of pH and salt on the stability of
these emulsions.
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